Context. This work uses the measured luminosity vs. displacement (L X vs. R) distribution of high-mass X-ray binaries (HMXBs) to constrain the dispersion of kick velocity σ kick , which is an important parameter affecting the system velocity of a binary, and hence its spatial offset from the point of origin. Aims. The aim is to constrain the natal kicks and discriminate between models by comparing the observed L X vs. R distributions with the theoretical simulations. Methods. Using an up-to-date evolutionary population synthesis technique, the spatial offsets of HMXBs are modeled for a range of theoretical models describing the natal kicks, including different choices of the dispersion of kick velocity σ kick , as well as different theoretical treatments for black hole (BH) natal kicks. Results. The study shows that the value of σ kick for neutron stars (NSs) is constrained to be greater than ∼100 km s −1 , while σ kick on the order of several tens of km s −1 may be excluded, though a low or absent natal kick for electron capture supernovae NSs is permitted. In particular, BH natal kicks are found not indispensable to account for the L X vs. R distributions. It is more interesting that full BH natal kicks (i.e., similar to those that NSs may receive) are likely to be ruled out in this study, which is in contrast with the recent finding to explain the observed distribution of low-mass X-ray binaries hosting BHs.
Introduction
Over the past few decades, it has left little doubt that neutron stars (NSs) receive recoil kicks (also called natal kicks) at birth. This concept is based on studies on the proper motion of pulsars (Cordes et al. 1993; Lyne & Lorimer 1994; Hobbs et al. 2005) , supernova (SN) remnant associations, and characteristics of NS binaries (e.g., Lai et al. 2001 ; for reviews, see Lai 2001) . Their speeds are observed in the range of ∼200−500 km s −1 on average, and may be in excess of 1000 km s −1 for the fastest, but its functional form of the underlying speed is still not clearly understood yet.
Whether stellar mass black holes (BHs) receive similar natal kicks or not is still a matter of debate. Some systems seem to require no or at most a small natal BH kick (e.g., Cygnus X-1; Nelemans et al. 1999; GRS 1915+105; Dhawan et al. 2007 ; and Cygnus X-1; Wong et al. 2010) ; while others prefer a more appreciable one (e.g., GRO J1655-40; Willems et al. 2005; and XTE J1118+480; Remillard et al. 2000; Mirabel et al. 2001; Gualandris et al. 2005; Fragos et al. 2009 ). These conclusions are mainly based on detailed evolutionary modeling for the observed individuals. By using current available informations such as the space velocity, orbital parameter, and its location, one can trace back the evolutionary history of known BH X-ray binaries (XRBs), and derive constraints on the range of allowed natal kick imparted to the newborn BH, though the conclusion sometimes contains some ambiguity.
Another way to constrain natal kicks is to perform binary population synthesis (BPS) simulations. By comparing the predictions with the observed properties of sources interested, the natal kick can be properly constrained. Such works have been carried out extensively by several authors, such as Deway & Cordes (1987) , Fryer & Kalogera (1997a,b) , Fryer et al. (1998) , Belczynski et al. (2010b) on single pulsars and/or double NS binaries, and Repetto et al. (2012) on BH XRBs. For example, recently, Repetto et al. (2012) , by comparing the synthesized BH low-mass X-ray binary (LMXB) population with the Galactic distribution, concluded that BHs are most likely to have the same/similar distribution of kick velocities as NSs. Their method is to integrate the trajectories of the binary systems within the Galactic potential. They found that different theoretical kick distributions give distinct spatial distributions of BH LMXBs, which serves as a useful way to discriminate between models. We note that this method is very sophisticated and has been widely explored for other purposes (Zuo et al. 2008; Zuo & Li 2010 , 2014a .
High-mass X-ray binaries (HMXBs) also have their unique spatial distributions. They are observed to trace the spiral arms and star formation regions across the galaxy owing to their short lifetimes. Specifically, Kaaret et al. (2004) , using data from Chandra and NICMOS on board Hubble Space Telescope (HST) of X-ray sources and star clusters, respectively, studied their spatial offsets from the closest star clusters from a statistical point of view. They found that the X-ray sources are in general located near the star clusters, and brighter sources are most likely closer to the clusters. Moreover, there is an absence of luminous sources (L X > 10 38 erg s −1 ) at relatively large displacements (>200 pc) from the clusters.
In this work, I applied an up-to-date BPS technique to model the spatial offsets of sources in Kaaret et al. (2004) samples. I integrate the trajectories of the binary systems within the cluster potential for a range of theoretical models describing the A&A 573, A58 (2015) 
Model description

Assumptions and input parameters
I have used the BPS code initially developed by Hurley et al. (2000 Hurley et al. ( , 2002 and recently updated by Zuo et al. (2014) to calculate the expected numbers for various types of XRB population. This code incorporates recent progress concerning the evolution of single and binary stars, such as the mass loss prescription for winds in massive stars (Vink et al. 2001 ; also see Belczynski et al. 2010a,b) , compact object mass prescription (Fryer et al. 2012, i .e., the rapid supernova mechanism), and common envelope (CE) evolution, etc. For CE evolution, there are two updates, a variable λ (Zuo et al. 2014 ; also see Xu & Loveridge et al. 2011 ) and a new CE criterion for Hertzsprung gap donors (Shao & Li, priv. comm .; see also Appendix A in Zuo et al. 2014) . Recent simulations on HMXBs and their kinematics (Zuo et al. 2014; Zuo & Li 2014b,a) show that the common envelope efficiency α CE may be within 0.8−1. So I adopt α CE = 0.9 and keep this assumption throughout.
The galaxies (M 82, NGC 1569, and NGC 5253) studied by Kaaret et al. (2004) all undergo a starburst for no more than 20 Myr, so I adopt a constant star formation rate for 20 Myr to model the HMXB populations. In each model, I evolve 8 × 10 6 primordial binaries. The grids of initial parameters (i.e., primary mass, secondary mass, and orbital separation) are set up in the same way as in Hurley et al. (2002) . The values of other adopted parameters are the same as the default ones in Hurley et al. (2002) if not mentioned otherwise. The initial mass function of Salpeter is taken for the mass of the primary (M 1 ) distribution. For the secondary's mass (M 2 ), I assume a uniform distribution of the mass ratio q ≡ M 2 /M 1 between 0 and 1 and of the logarithm of the orbital separation ln a. Tidal effect is also taken into account to remove any eccentricity induced in a post-SN binary prior to the onset of mass transfer.
When a binary survives a SN explosion, it receives a velocity kick as a result of any asymmetry in the explosion (Lyne & Lorimer 1994) . Though the natal SN kick has long been studied (Bailes 1989) , its functional form, including the amount or the distribution of the underlying speed, is still not clearly understood. Usually the kick velocity v k,NS is assumed to be imparted on the new-born NS with a Maxwellian distribution,
however the amount of σ kick , velocity dispersion, has diverse values in the literature. For example, the value of σ kick is expected to be in excess of ∼100−200 km s −1 based on measurements of proper motions for isolated radio pulsars (Lyne & Lorimer 1994; Hansen & Phinney 1997; Cordes & Chernoff 1998; Arzoumanian et al. 2002; Hobbs et al. 2005) , but is expected to be smaller based on recent observation of NSs found in binaries (on the order of 100 km s −1 , Pfahl et al. 2002; Belczynski et al. 2010b; Wong et al. 2010; Bodaghee et al. 2012) and BPS simulations (on the order of ∼150 km s −1 , Zuo et al. 2014; Belczynski et al. 2010b ). I adopt σ kick = 150 km s −1 in the basic model (model BAC, see Table 1 ). In order to make a constraint on the value of σ kick , I also adopt σ kick = 50 (model M1), 100 (i.e., model M2, Bodaghee et al. 2012) , and 265 km s −1 (i.e., model M3, Hobbs et al. 2005) to test its effect.
For BH natal kicks, determining the value is more controversial. Whether stellar mass BHs receive natal kicks or not is still a matter of debate. For simplicity, I assume that the natal kick velocity for BHs (v k,BH ) can be described as
where η m is the modified factor, and v k,NS is the velocity drawn from the same Maxwellian kick distribution as for NSs. In the basic model, the fallback prescription ; see also Dominik et al. 2012 ) is adopted, with η m = 1− f b , where f b , ranging between 0 and 1, is the fraction of the stellar envelope that falls back. Here f b = 0 represents no fallback (i.e., full kicks) and 1 indicates total fallback (no kick, or without a SN explosion). Specifically BHs formed with small amounts of fallback (M fb < 0.2 M ) are assumed to receive full kicks. I assume no natal kick for electron capture supernovae (ECS, Podsiadlowski et al. 2004 ) NSs 1 . I also adopt the conventional momentum-conserving prescription for comparison. In this case, η m = M NS /M BH (model M6), where M NS , M BH denote the mass of NS and BH. In addition, recent work by Repetto et al. (2012) indicates that the natal kick of BHs seem to be similar to that of NSs, in order to explain the observed distribution of LMXBs with BHs. So I also set η m = 1 (model M5), i.e., full natal kicks for BHs as observed for NSs, independent of the amount of fallback. For another extreme case, BHs may not receive natal kicks at all, so I adopt η m = 0 (model M4) in this case, and natal kicks are assumed to be independent of their mass or the amount of fallback.
The system velocity (u sys ) of the binary can be calculated as follows (Blaauw 1961 ; also see Hurley et al. 2002 , for details),
where M 1 = M 1 − ΔM 1 is the current mass of the primary after losing mass ΔM 1 during the SN explosion,
are the total masses of the system before and after the SN, respectively, and u is the relative orbital velocity of the stars (see Eq. (A1) in Hurley et al. 2002) . One can see that the system velocity u sys is closely related to the natal kicks.
Binary motion in the cluster potential
To model the centrally concentrated star cluster in star-burst regions, I adopt a spherical potential in the form of the cylindrical coordinate system (r, φ, z),
where h is the half light radius, M is the total mass of stars within h, and the origin of the coordinate is set at the cluster's center. For typical star clusters, M = 1.0 × 10 6 M , and h = 3 pc (Ho & Filippenko 1996a,b) are adopted 2 . All stars are then assumed to be born uniformly in the star cluster (i.e., within a radius of 3 pc), with randomly designated direction of initial velocities, expressed as initial velocity vectors v r , v φ , v z . Because of symmetries, two space coordinates r and z are sufficient to describe the HMXB distributions. Through integrating the motion equations (see Eqs. (19a) and (19b) in Paczyński 1990) with a fourth-order Runge-Kutta method, I can calculate the trajectories of the binaries and collect the parameters of current binaries if turning on X-rays. Finally, I project the binary positions on the φ = 0 plane to get the projected distances of HMXBs from star clusters, i.e., R = ((r cos ϕ) 2 + z 2 ) 1/2 with ϕ uniformly distributed between 0 and 2π. In my calculations, the accuracy of integrations is controlled by the energy integral and kept better than 1 part in 10 6 .
2.3. X-ray luminosity and source type I adopt the same procedure to compute the 0.5−8 keV X-ray luminosity for different kinds of HMXBs as in Zuo et al. (2014) . In this study, I do not consider Be-XRBs and LMXBs (donor mass <2 M ) since they are unlikely to dominate in the Kaaret et al. (2004) 
where η bol is the bolometric correction factor, adopted as 0.2 for NS-XRBs and 0.4 for BH-XRBs, respectively, though its range is ∼0.1−0.8 for different types of XRBs (Belczynski et al. 2008) ; the bolometric luminosity L bol 0.1Ṁ acc c 2 whereṀ acc is the average mass accretion rate and c is the speed of light; and the critical Eddington luminosity L Edd 4πGM 1 m p c/σ T = 1.3 × 10 38 m 1 erg s −1 (where σ T is the Thomson cross section, m p is the proton mass, and m 1 is the accretor mass in solar units). The Begelman factor η Edd examines the allowed maximum superEddington accretion rate. Here I adopt η Edd,NS = 5 for NS XRBs and η Edd,BH = 100 for BH XRBs (Zuo et al. 2014 ), respectively; η out is the fraction factor of the critical Eddington luminosity for the outburst luminosity of transient sources. I take the values of η out 0.1 and 1 for NS(BH) transients with orbital period P orb less and longer than 24 h(10 h), respectively (Chen et al. 1997; Garcia et al. 2003; Belczynski et al. 2008 ).
Results
Based on a population of 66 X-ray point sources, Kaaret et al. (2004) found that bright X-ray sources in three starburst galaxies (M 82, NGC 1569, and NGC 5253) are preferentially located near the star clusters, with the brighter sources located closer to the clusters. Moreover, there is no luminous source (L X > 10 38 erg s −1 ) at relatively large displacements (>200 pc) from the clusters. Here I modeled the kinematic evolution of XRBs in clusters under different treatments of natal kicks and present the results below.
As stated before, I constructed seven models to investigate how the final results are influenced by the adopted parameters. Specifically, the input parameters in the basic model (i.e., model BAC) are σ kick = 150 km s −1 , and a fallback prescription (η m = 1 − f b ) for BH kicks. In other models I changed only one parameter each time, and the model parameters are listed in Table 1 . In order to compare with Kaaret et al. (2004) , a two-dimensional Kolmogorov-Smirnov (2D K-S) test (Fasano & Franceschini 1987) was performed. It was done between the simulated displacement distributions and the average ones. We calculated the average distributions using the observed data (combining the data of the three galaxies). For the simulated distributions, only sources in the luminosity range 10 36 −10 38 erg s −1 were selected in order to be in line with Kaaret et al. (2004) . Then we were able to get a preliminary decision for the parameter σ kick by seeing the derived possibility (i.e., p-value, less than ∼0.01 suggests a significant different distribution, see Table 2 ). Finally, the L X vs. R distributions were used in a phenomenological way to further discriminate between models (i.e., the secondary check for the models, see also Zuo & Li 2014a) . Figure 1 shows the simulated cumulative distribution of X-ray source displacements (top: Total, along with the relative contributions of NS-and BH-XRBs; middle: NS-XRBs; bottom: BH-XRBs) in the luminosity range 10 36 < L X < 10 38 erg s −1 under different choices of σ kick . Each histogram is normalized by the total number of HMXBs within 1 kpc of a star cluster, but the innermost 10 pc region is excluded because of the selection effect of the detection (resolution scale: ∼10 pc). Sources within 10 pc are still extremely difficult to resolve as in the Kaaret et al. (2004) sample. The differences are significant. Too weak natal kicks (i.e., models M1, possibility ∼10 −9 ) are not sufficient to kick enough sources to large displacements from star clusters. In order to be compatible with the observations, the value of σ kick should be greater than ∼100 km s −1 (see models BAC, M2, and M3, and Table 2 ), while σ kick on the order of several tens of km s −1 (see model M1) can be excluded. It can be seen more clearly in Fig. 2 for normalized distributions of X-ray luminosities (L X ) at different displacements (R) for the same four models. The color bar represents the normalized number ratio (or occurrence possibility) of XRBs in the L X − R plane. When the occurrence possibility is higher, more sources are expected to be observed there. The conclusion remains unchanged. The predicted L X vs. R correlations in models BAC, M2, and M3 are generally compatible with the observations, while it cannot be reconstructed for lower σ kick . In addition, the observed sources in the low luminosities around ∼10 pc region (i.e., BH XRBs) are lower than theoretical expectations (Mineo et al. 2012; Zuo et al. 2014) . It is most likely due to the selection effect of the detection. They are more likely crowding within the small offset regions, which has not been resolved yet. Future high-resolution optical and X-ray observations in this region may further testify the results obtained here. We note that the results are also consistent with the one obtained through HMXB XLF simulations recently presented by Zuo et al. (2014) . Figures 3 and 4 are the same as in Figs. 1 and 2 but for different treatments of the BH natal kicks (models M4−M6 vs. model BAC). I fixed the value of σ kick at 150 km s −1 and applied three more forms of natal kicks that BHs may receive. The results show that in order to be compatible with the observations, BH natal kicks are not indispensable at all. It can be seen clearly from model M4 (i.e., no BH kicks) in Figs. 3 and 4 that both the cumulative distribution and L X vs. R correlations of XRBs can be reconstructed quite closely. This can be easily understood when referring to Eq. (3), that even in the absence of natal kicks from SNe, the binary system can still get velocities because the ejected mass lost during the SNe will give the binary a runaway velocity in the opposite direction to conserve momentum (Nelemans et al. 1999; van den Heuvel et al. 2000) . The magnitude of the speed can be as large as several tens of km s −1 , which ensures that the BH XRB would move, even as far as several tens of pc away from the point of origin. The models with reduced BH natal kicks (models BAC and M6) can also match the observations quite closely. I also set η m = 0.1 tentatively, and find no significant difference from models M4, M6, and BAC. However, when full natal kicks are applied to BHs (model M5, possibility ∼10 −4 ), the differences are remarkable. BH XRBs dominate the whole population in the interested offset region, significantly different from other models. BH XRBs in model M5 can move to much farther places away from clusters, especially for low luminosity sources (10 36 < L X < 10 37 erg s −1 ), too many of which are predicted to appear in large displacements, which is in marked contrast with observations. These sources are predicted to be mainly long-period BH systems powered by stellar winds from high mass (∼30−75 M ) MS companions (Zuo et al. 2014, also see Fig. 4 therein for a typical evolutionary sequence). I suggest that the discovery of such sources by additional high-resolution X-ray and optical observations may help to further understand the BH natal kicks.
We note that the difference between models is mainly a result of the discrepancies in the system velocities, which is affected by the natal kicks. In models M1−M3 and BAC, it is clear that smaller σ kick leads to lower system velocities, for both NS and BH XRBs, as shown in ities are very low, mainly ∼10 km s −1 . The moving timescale (from SN to turning on X-rays) is ∼1 Myr (Zuo & Li 2014a) , and the estimated offset is around 10 pc. So most of these low luminosity BH-MS XRBs cannot move to the outer places to be detected even though in reality they dominate the population (Zuo et al. 2014, see Fig. 1 ). Instead the NS XRBs appear to dominate. While the system velocities in model M5 (full BH kicks) are higher than those in models M4, M6, and BAC (reduced BH kicks). This pushes more of the BH-MS XRBs farther away from the cluster, overwhelming the NS-XRB population appeared in the region. So the natal kick, by affecting the system velocity of the binary, determines the maximum offset a binary can reach, revealing as distinct L X vs. R distributions. And conversely, more precise measurements of system velocities, as well as L X vs. R distributions may provide interesting clues to understanding the physics of SN natal kicks, and the nature of XRBs observed. This study motivates further efforts to explore the spatial distribution of XRBs, their velocities, as well as source types in nearby star-forming galaxies.
Summary
This study shows that, using the apparent L X vs. R distribution, it is possible to investigate the natal kick problem of XRBs, although the results are still subject to some uncertainties and simplified treatments. For example, in the calculation only primordial binaries were evolved; however, in dense star clusters, dynamical interactions, especially dynamical exchanges, may also play an important role in binary formation and kinematics (Mapelli et al. 2013) , which is not considered here and is beyond the scope of the paper. Additionally, the orbital velocity of a post common envelope (CE) binary, which is governed by the CE efficiency (α CE ), can also affect the system velocity, and hence the spatial offset of the system. Because a reliable value of A58, page 6 of 7 α CE is somewhat uncertain, I only adopt one typical value here for simplicity (see Zuo & Li 2014b ,a, for discussions on α CE ). Nevertheless, this study still shows that the L X vs. R distribution is a very powerful way to constrain the dispersion of the kick velocity σ kick . The magnitude of σ kick is constrained to be larger than ∼100 km s −1 , while σ kick on the order of several tens km s −1 may be excluded, though a low or absent natal kick for ECS NSs is still permitted. In particular, the calculations show that BH natal kicks are not indispensable to account for the L X vs. R distributions. What is more interesting is that full BH natal kicks (i.e., similar to that of NSs may receive) are likely excluded in this study though it has just been suggested recently by Repetto et al. (2012) to explain the observed distribution of LMXBs with BHs. This work justifies further high-resolution optical and X-ray observations of HMXB populations in nearby star-forming galaxies.
